The present study investigates the time-varying control of pituitary-hormone secretion over the day and night (D/N). To this end, we implement an analytical platform designed to reconstruct simultaneously: (a) basal (nonpulsatile) secretion; (b) single or dual secretory burst-waveform representation of pulsatile release; (c) random effects on burst amplitude; (d) stochastic pulse-renewal properties; (e) biexponential elimination kinetics; and (f) experimental uncertainty. The statistical solution is conditioned on a priori pulse-onset times, which are estimated in the first stage. Primary data comprised frequently (10-min) sampled serum thyrotropin (TSH) concentrations monitored over 24 hr in 27 healthy men and women. According to the Akaike information criterion, 21/27 TSH release profiles favored a dual compared with single secretory-burst waveform representation. Under this structure, an objectively defined waveform changepoint (D/N boundary) emerges at 2046 h (± 23 min), after which: (a) the mass of TSH released per burst increases by 2.1-fold [P < 0.001]; (b) TSH secretory-burst frequency rises by 1.2-fold [P < 0.001]; (c) the latency to maximal TSH secretion within a burst decreases by 67% [P < 0.001]; (d) intersubject variability in secretory-burst shape diminishes by 50% [P < 0.001]; and (e) basal TSH secretion declines by 17% [P < 0.002]. In contrast, the statistical regularity of successive burst times and the slow-phase half-life of TSH are stable across 24 hr. In conclusion,
INTRODUCTION
Valid appraisal of in vivo mechanisms that direct basal, pulsatile and 24-hr rhythmic modes of hypothalamo-pituitary hormone secretion is made difficult by the unique dynamics of interactive neurohormone systems. Analytical challenges are introduced by systemic feedback modulation; the prolonged half-life of sialylated pituitary glycoproteins; strong statistical correlations among unknown basal (time-invariant) hormone release, ligandspecific elimination rates, and secretory-burst number, location, shape and amplitude; stochastic effects on sequential pulse timing and individual burst mass; and, incompletely understood determinants of nycthemeral (day/night, D/N) variations (2; 5; 14; 15; 22; 34; 37; 38) . In the case of the hypothalamo-pituitary-thyroidal axis, thyrotropin (TSH) secretion responds concomitantly to feedback inhibition (e.g., by thyroxine, glucocorticoids and dopamine) and feedforward stimulation (e.g., by TSH-releasing hormone, TRH) (1; 15; 18; 19; 21-27; 29; 39; 40) . The present study develops and implements an analytical formulism intended to reconstruct and quantify key properties of time-varying TSH secretion under multivalent signaling, as a paradigm of pituitary-hormone secretory control.
METHODOLOGY

Methods
Clinical Protocol
Healthy adults (N = 27) provided written voluntary informed consent approved by the institutional review board of the Leiden University Medical Center. After overnight adaptation to the inpatient study unit, subjects underwent repetitive blood sampling (2.0 mL every 10 min) for 24 hr beginning at 0800 h. Fourteen men and 13 women participated with respective mean ages of 46 and 41 yr (ranges 29 to 65 male, and 32 to 50, female).
Assay TSH concentrations were quantitated in each serum sample (N = 145/24 hr) in duplicate in a precise and sensitive immunofluorometric assay, (Wallac Oy, Turku, Finland).
The detection limit is 0.03 mU/L, interassay coefficient of variation (CV) 5% and intraassay CV 4.4% in the concentration (mU/L) range studied here (20) .
Model of Diurnal TSH secretion
Overall Structure
The present study implements and adapts a recent Bayesian model of pulsatile neurohormone secretion, basal release, stochastic pulse times, flexible secretory-burst shape, random effects on burst mass, biexponential elimination kinetics and combined experimental uncertainty in sample collection, processing and assay (8; 10; 13).
Reconstruction of the foregoing principal features is schematized in Figure 1 . In this analytical formalism, a priori estimates are made of pulse-onset times, , using a previously constructed methodology (9). Then, as a second stage, analyses simultaneously quantify secretion and elimination parameters conditional on the prior set of putative pulse times (7) . The present adaptation creates an additional allowance for two (independent) secretory-burst waveforms, which are demarcated over 24 hr by way of a statistically identified changepoint (time). n T T T ., . . , , 2 1 
Secretion
Each pulse time, j T , marks the onset of a secretory burst. Conceptually, a burst reflects abrupt exocytotic discharge of hormone-containing granules followed by less rapid secretion of newly synthesized molecules (9; 10). The mass of hormone secreted in any given burst is assumed to be the sum of a finite amount of minimally available stores, a linear function of hormone accumulation over the preceding interpulse interval, and stochastic variability in individual burst mass, defined algebraically as follows:
.
where M j is the mass secreted, 0 basal cellular accumulation, 1 a linear coefficient operating over the preceding interburst interval, T j -T j-1 , and A j random effects on burst mass (9; 10).
The mass contained in any given burst, M j , is released according to an adaptable (hormone-, subject-and condition-specific) waveform. The waveform (evolution of the instantaneous secretion rate over time) is represented algebraically via a three-parameter generalized Gamma function (8). The latter probability distribution encapsulates the unit area-normalized rate of secretion (mass units) over time (min) per unit distribution volume (L) by way of:
, .
[2] However, the Gamma family is quite flexible, and the symmetric waveforms (e.g., Gaussian) which have used in other hormone models (32) , can be well approximated by the threeparameter Gamma family.
Pulsatile hormone release is reconstructed as the product of the mass of hormone secreted per burst and the normalized psi function. Thus, the total secretion rate, Z, is the sum of time-invariant (basal) hormone release, 0 , and pulsatile secretion.
Dual-waveform model of burst-like pituitary-hormone secretion
We test the hypothesis that there is an unknown transition time (changepoint) 
In the present formulation of hormone elimination, fast and slow rate constants primarily capture the respective effects of advection and diffusion ( 1 ) and irreversible metabolic loss ( 2 ) from the circulation (8). Earlier we showed that at any instant in time, t, the ligand concentration, X(t), sampled at a given point in the circulation, x, can be described by (coupled) differential equations defining the overall elimination process in the foregoing terms (7). The analytical solution of this ensemble representation is given as:
where A is the (amplitude) proportion of rapid to total elimination, Z(r) denotes the aggregate secretion rate (below), and X(0) gives the starting hormone concentration (7; 10). The observed hormone concentration profile, Y i , is then a discrete time sampling of N data points predicted by the foregoing continuous processes, as distorted by superimposed observational error, i :
Stochastic Burst Times
Pulse times are viewed as arising by way of a stochastic process definable jointly by mean burst frequency and interburst-interval regularity (7; 11). This notion is represented by a two-parameter Weibull probability distribution. In the latter renewal process, successive pulse times, j T , emerge statistically as the partial sums of incremental, independent and identically distributed positive random variables, :
The classical Poisson counting process is a single-parameter renewable process, identified by the rate parameter, . In the Poisson model, random variables, , have an exponential distribution with a probabilistic average interval length (waiting time), 1/ . However, the latter formulation does not accommodate possible biological dissociation between mean event frequency and interevent variability, inasmuch as the mean and SD of the set of interpulse-interval lengths are equal definitionally. Thus, in the Poisson model, the coefficient of variation (CV = mean/SD x 100%) of interburst waiting times is fixed at 100%. i S The latter diverges from estimated values of 15 to 40% for many hormones (4; 28; 30; 31).
The Weibull probability density adds the parameter, gamma, which uncouples mean burst frequency from statistical regularity of interpulse-interval lengths. In the Weibull construct, the conditional expectation for k T , given
where denotes the mean burst frequency (events observed/unit time), the regularity of interpulse-time delays, and s a dummy variable on time (8; 11). The mean, variance and CV of the Weibull renewal process are defined by:
where is the classical mathematical Gamma function (the latter term and the lowercase parameter ) ( are unrelated). Accordingly, in the Weibull density, the CV of interpulse (waiting) times depends only on (and not , frequency). The Poisson process is a derivative function, wherein = 1. In the Weibull expansion, > 1 signifies more regular (less variable) interpulse-interval lengths.
Data Presentation
Scatterplots are presented to highlight the dispersion of values in the cohort of 27 subjects. Values in the text are cited as the mean ± SEM (median). Day-night parameter comparisons (dual vs single-burst waveform models) are made by a two-tailed, paired tstatistic. P < 0.05 was used to assign statistical significance. . Pulsatile TSH secretion rates (summed daily pulse mass, mU/L/24 hr) were also independent of waveform representation; i.e., 40 ± 5.8 [26] (single burst type) and 25 ± 5.2 [14] (two burst types, P = NS). Basal secretion rates (mU/L/24 hr) were 21 ± 4.2 [16] (one-burst construct) and 25 ± 5.2 [14] (two-burst construct, P = NS), thus contributing approximately one-third of total TSH output.
RESULTS
Figure 5 (left) compares analytically estimated properties of TSH secretory bursts
under the formalism of one or two distinct waveforms. In technical terminology, the psi function defines the (unit-area normalized) time-evolution of instantaneous secretion rates within any given burst (see Figure 1B ). The dual-waveform (two-psi) formulation predicts significant day/night distinctions; viz., before and after the objective burst-shape changepoint Viewed mathematically, a stochastic pulse-renewal process denotes independently and identically distributed, random, positive incremental waiting times. As one approach to validating this assumption in the case of TSH pulse regeneration, we applied the model-free and scale-invariant approximate entropy (ApEn) statistic. ApEn quantifies the orderdependent subpattern consistency (degree of process randomness) in numerical series (17; 35; 36) . In a pulse-renewal process, the relative reproducibility of event recurrence times is definable by ApEn analysis of the observed sequence of successive interpulse-interval lengths. This application to TSH interburst waiting-time series revealed that the mean normalized ratio of ApEn of the original ordered series to ApEn of 1,000 randomly shuffled versions of the same series does not differ significantly from unity (not shown). The latter outcome is consistent with a presumptive stochastic pulse-renewal mechanism. ApEn analysis of sequential interburst-interval lengths in ACTH and LH time series has also predicted random pulse-timing properties in these systems (3; 7; 11; 33) .
Perspectives
The precise nycthemeral determinants of secretory-burst mass, frequency and Hormone secretory-burst prototype Keenan 
